It is the purpose of this paper to examine the flow fields in an advanced modern transonic rotor design using both axisymmetric and three dimensional techniques. Also, to determine the deviation of the axisymmetric flow from three-dimensional flow field and whether this seriously affects the results. Inviscid Euler solvers are now widely used to analyze transonic flows through turbomachines giving a reasonably accurate indication of the flow field in blade passages. Although viscous effects are important, the inviscid analysis provides significant knowledge of the flow field which is essential to transonic design. The blade-to-blade loading and work distributions are determined quite realistically by the 3-D and quasi-3-D inviscid analyses. Through-flow and blade-to-blade inviscid solutions are presented for a highly loaded transonic rotor. Numerical solutions for various transonic rotor designs operating at peak efficiency are also compared with test data.
Introduction
The Practical aerodynamic analysis of axial flow compressors had it's genesis in the work of Prasil [1] in 1903. This was basically an axisymmetric flow system. Lorentz [2] was stimulated by Prasil's work, suggesting that the compressor blades could be represented by fields of "Enforced Accelerations" uniform in the tangential direction. Von Mises [3] pointed out that fundamentally such a field could not be produced by blades. However, Stodola [4] demonstrated that for practical purposes the perturbations were not large and that the axisymmetric assumption was tenable for the design and analysis of contemporary machines.
The development of large scale digital computers in the late 1950's and early 1960's made the application of this system feasible. L.H. Smith [5] , R.A. Novak [6] , Jennions and Stow [7, 8] have published papers pertaining to the solution of the axisymmetric flow in turbotnachines. Jennions mentioned that the circumferential assunlption of linear variation as Smith described was not essential and the variations from the pressure side of the blade to the suction side could be computed exactly. Even so, if these assumptions are maintained; the axisymmetric analysis provides a good representation of the flow through turbomachines. Smith specifically noted the nature and magnitude of the terms involved in the averaging process were relatively small. However, since Smith's paper, stage loadings and blade speeds have dramatically increased. What was viable 25 years ago may not be so today.
Wu [9] also had described a steady flow solution by computing two families of intersecting streamsurfaces. The first family being comprised of the blade-to-blade streamsurfaces (referred to as S 1 surface) and the others are throughflow surfaces (S2 surface ). The solution is iterative and fully three-dimensional, however, in general such a method has not been used for most turbomachinery analysis.
In the last few years numerical Euler solvers [10, 11] have been developed up to the point that practical quasi-three-dimensional and full 3-D solutions of the flow in blade passages are obtainable. The use of inviscid Euler solvers to design transonic compressor rotors has been of great interest lately, especially in obtaining solutions which represent the flow field as close to the actual operating conditions shown by data.
The design engineer establishes the blading and geometry using a quasi-3-D design-analysis system. The three-dimensional solutions are then used to determine the limitations or accuracy of the quasi-3-D analysis employed in the aerodynamic design of the compressor.
With all the emphasis toward developing 3-D solutions of the flow field, the design practices are still conducted using a quasi-3-D method. The problem with the current quasi-3-D blade-to-blade solutions are the difficulties in computing transonic and supersonic flow conditions in the rotors. With the development of the quasi-3-D Euler blade-to-blade solver, the ability to compute these flow conditions has become easier to obtain. The need to correlate the present Euler quasi-3-D solutions to older methods currently used by the designers is still further downstream of present experience. In the meantime, the flow field can be determined quite easily for transonic rotors within the limitations of the Euler model.
Euler Solution
Janieson [10] , Holmes and Tong[I1] along with many other authors have developed the Euler algorithm which is used to compute either the quasi-3-D blade-to-blade or the full three-dimensional solution. The Euler solver uses a finite volume discretization with artificial viscosity and is a time-marching algorithm, where downstream
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EXIT static pressure and tangential inlet swirl are typical boundary conditions. Prince, Bryans [12] and Hackert [13] have successfully shown the practical use of the Euler solver for typical turbomachinery flow problems.
The Euler solvers are described in greater detail by previous work [10, 11] , and the intent of this paper is to describe the inherent differences between the 3-D and quasi-3-D Euler solutions in designing transonic rotors. The Euler code must satisfy continuity, momentum and energy equations with the proper set of boundary conditions. The exit static pressure and inlet swirl have generally been accepted as the necessary set of conditions needed in order to satisfy the Euler set of equations, while maintaining the Kutta condition in order to assure the proper blade loading.
For the cases to follow, the solutions are calculated on a Cray-XMP super computer. This greatly reduces the computational time needed to obtain the time-marching solution. The ability to compute the solutions with very high turn around time makes the Euler analysis more and more viable in the design of transonic rotors.
DFVLR Transonic Rotor Analysis
A test model, grid geometry shown in Figure 1 , was developed to provide insight as to whether the Euler solutions were close to real operating conditions in transonic rotors. Since test data were available for the DFVLR Rotor [14] , the first step was to evaluate the quasi-3-D and full 3-D solutions using this rotor as a basis.
Euler Quasi-3-D Analysis
An analysis of the DFVLR Transonic Rotor was performed at peak efficiency with a total pressure ratio of 1.626 and mass flow of 17.1 kg/sec. The results compared to the flow field McDonald and Bolt [15] computed and to the actual test results found by Weyer [14] . As shown in Figures 2-3 , the blade-to blade quasi-3-D mach contours at peak efficiency and 100% speed compare very well to the results found by McDonald and Weyer. There are some minor discrepancies at 18% and 45% span which are probably related to the viscous shear ignored by the Euler solution. 
Figure 2: DFVLR Blade-to-Blade Mach Contours at Peak Efficiency
However, the non-dimensional surface pressure distributions versus the normalized distance along the blade, as shown by figure 4, are also in excellent agreement between test results and the McDonald calculation. Again, the biggest differences occur at 18% span, where in absence of a shear layer, the shock occures further down on the suction surface. The prediction of shock location is exceptional for the blade-to-blade computation despite boundary layer absence. The overall solution is still quite good despite this small difference.
McDonald's computation included surface viscous losses coupling to the flow field. The current quasi-3-D Euler blade-to-blade solution was free from losses, with exception to the losses generated by shocks or artificial dissipation. The solutions still compare very well to the both results.
The importance of obtaining a good axisymmetric solution as a starting point is quite significant. The axisymmetric solution sets up the streamtube thicknesses which are used to compute the required flow rate for the blade-to-blade solutions. The good agreement obtained for the Euler blade-to-blade solutions are a direct result from the solution obtain by the axisymmetric analysis.
Euler 3-D Solution
The 3-D characteristics of the flow differ due to interaction of the entire flow spanwise and tangentially through the rotor. In order to understand whether the Euler 3-D solution was predicting the proper flow field, the DFVLR rotor was used due to the available detailed test data. The next step was to find the full 3-D solution, the Euler code was run on the DFVLR rotor using the 25x25x69 grid as shown in Figure 1 . As can be seen from the figure, the a medium grid density of the blade was used to reduce total pressure errors generated by the numerics producing an erroneous Euler flow solution.
In figure 5 , the full 3-D blade-to-blade predictions are compared to the quasi-3-D results. The solutions are comparable, however, there are differences shown by the full 3-D solutions which are not present in the quasi-3-D results. The influence of the radial and tangential pressure and velocity fields interact. Therefore, the streamsurfaces, which were considered as a cylindrical plane in the quasi-3-D analysis, have become twisted from the suction to pressure surface. Also the mach contours are at a specific spanwise location and don't tion to be futher aft in the passage than expected. Therefore, the axisymmetric solution, which has more loss, indicates the shock occurence further forward, lending an explaination to the accuracy of the quasi-3-D solution when compared to test results. As shown, this produces different blade-to-blade distributions at the different spanwise locations. In some cases, the 3-D solution lacks the additional blockage effect which is attributed to the viscous shear stresses along the blade surfaces and endwalls. The boundary layer development would provide the blockage in regions along the blade where viscous effects are more dominate than the losses generated by shocks. 
Wennerstrom Sweptblade Analysis
Since the Euler code was available to compute the 3-D and quasi-3-D flow field, the code was implemented to study the flow and determine whether rotor characteristics and sweeping of the blade to reduce shock strength would benefit performance. The concept was adapted from Prince [16] and Wennerstrom [17] , who had determined that the method of sweeping the blade might reduce the relative shock strength near the leading edge of the rotor and hence reduce the loss mechanisms.
Sweptblade Euler Analysis
An analysis of the Wennerstrom Transonic Rotor was performed at peak efficiency with a total pressure ratio of 1.928 and mass flow of 27.98 kg/sec and the 3-D results to the flow field compare between axisynunetric analysis and blade-to-blade results. Wennerstrom provided the blade geometry and some test data for the rotor configuration which were used to datamatch the axisymmetric solution at peak efficiency and 100% speed.
The Euler code was run on the Wennerstrom rotor using the 25x25x65 grid as shown in Figure 6 . Again, as can be seen from the figure, the grid definition was medium density courseness similiar to 18% SPAN I  I  I  I  I  I  I  I  I  r  I  I  I 
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McDONALD'S CALL. The mass averaged static pressure distributions of the quasi-3-D and 3-D solutions were compared along the casing to test data. The hub static pressures, 0% span location, were also compared to the axisymmetric distribution. The distributions, shown in figure 7, are in excellent agreement with test data and the axisymmetric analysis. This was encouraging as to the validity of the Euler solutions. Also, the surface static pressure distributions were compared between the quasi-3-D and the 3-D casing and huh spanwise locations. In figure  8 , the distributions at both 100% and 0% spanwise locations are in almost exact agreement. The consistent results are a direct reflection of the axisymmetric solution obtained.
In figure 9 , the sweptblade 3-D blade-to-blade predictions are compared to the quasi-3-D results. The solutions are much more comparable than the DFVLR rotor, however, there are strong differences only at 50% span. The 100% spanwise blade-to-blade solutions show a strong trailing edge shock. This solution will differ when tip clearance effects and viscous effects are added to the analysis, howk, Figure 6 : 25x25x65 Grid Geometry for the Wennerstrom Rotor ever, it is not known how much of a change will occur. The flow accelerates at the 0% spanwise location in the passage from the inlet to the exit of the rotor. This is due to the influence of the high hub convergence in the axial direction and is verified by the analysis. The differences shown at 50% span are attributable to the 3-D flow interaction and viscous effects. Without laser velocimeter data, the true behavior at this point is unknown. Futher studies are necessary to evaluate the flow spanwise, even so, the solutions show similiar blade loading. The correlation of the 100% and 0% spanwise results gives good credibility to the overall solutions. Additional viscous analysis is needed to provide a correct assessment of the performance in sweeping of the leading edge of the rotor.
3-D Streamsurface Importance
As mentioned earlier, the 3-D flow field has strong radial and tangential influences on the structure of the streamsurfaces through the blade. Figure 10 shows the streamlines on the pressure and suction side of the Wennerstrom rotor. It can be seen that the streamline shift is greatly influenced by the shock, as represented by the sonic line. The shock produces a non-linearity in the flow which has an impact as to the differences introduced between the axisymmetric quasi-3-D design system presently used to design transonic rotors and the full 3-D solution.
The axisymmetric solution uses the assumption of linear varia-'1 T.E.
tions in the circumferential direction. The behavior of the flow, as indicated by figure 11 , enters the blade axisymmetrically, especially at the inlet, but the spanwise influences along with the shock influences in the passage, produce strong circumferential variations. The influence of the loading starts the migratation of the strearnsheets at about 50% steatnwise location in the passage. As the flow progresses toward the exit of the rotor, the streamsurface twisting is more prevelant in the passage until the maximum variations are seen at the exit of the rotor. The indications imply spanwise mixing and loading differences are important in designing highly loaded transonic rotors. Recently, Hah [18, 19] and Dawes [20] have developed methods of computing the viscous flow field in turbomachinery. In order to evaluate whether the streamsurface twist as calculated by the Euler solu-tion gave qualitatively the correct indications, a viscous solution was computed with an typical inlet guide vane which had counterswirl at the exit crossplane. From figure 12 , the comparison is made between the Euler solution and the viscous solution developed by Hah. The inlet crossflow streainsurfaces are similiar for the particular spanwise locations shown. However, at the exit plane, the spanwise variations are both similiar as we had anticipated. But near the blade surfaces, the viscous solution shows more twist of the streamsurface. The boundary layer development along the blade surfaces accounts for any of the differences between the two solutions. Even so, the remarkable agreement between the Euler solution and the viscous solution is important as to the degree of acceptability of the previous transonic rotor solutions. At least, the Euler solutions indicate qualitatively the proper trends. 
Conclusions
In general, the designer has the analytical tools available which enable him to analyze and design highly loaded transonic compressor rotors with a good degree of reliability. As indicated by the present analysis, the Euler solutions provide a more helpful analysis for determining the proper blade loading and performance levels in the rotor designs. They also provide greater insight into the actual shock structure of the flow in rotating passages.
Good correlations were provided between the Euler quasi-3-D and full 3-D calculations obtained for the DFVLR and Wennerstrom rotors. The Euler solutions revealed realistic blade loadings and qualitative performance characteristics. The present quasi-3-D design system provides excellent results within the limitations of the assumptions made in the mathematical model and the system will continue to be the most useful method available to the designer. The use of Euler blade-to-blade solutions and full 3-D analysis only gives the design engineer the ability to better understand loading levels and indicate performance of transonic rotors including shock losses.
The Euler solutions are only an inviscid solution and don't clarify whether or not the the viscous phenomena would have a significant effect toward altering the existing solution. Hence, the analysis is currently being extended to included the viscous phenomena. The blade-to-blade analysis is to be improved by adding a turbulence model to the Euler solver which would then include viscous terns. Also, coupling the Euler 3-D analysis with a boundary layer and tip clearance model is currently being investigated. The relative merits of the use of the present models is to provided a good representation of the flow in transonic rotor designs. Given the success to date, the steps to correlate loss mechanisms and compute the real performance is still needed in future plans. Even so, the results provide a promising method of determining the complex 3-D flow fields for transonic rotor designs.
